The infectivity of intact poliovirus was not affected by exposure to the antibiotic phleomycin at concentrations as high as 200 Ag/ml, whereas that of the singlestranded poliovirus ribonucleic acid (RNA) was inactivated to 99% by pretreatment of the RNA with phleomycin at a concentration of 2 Ag/ml. The infectivity of double and multistranded RNA was 10 times less sensitive than that of singlestranded RNA to the action of this antibiotic. Preincubation of HeLa cells for 30 min with 10 to 50,g of phleomycin reduced the sensitivity of the cells to infection by viral RNA and intact virus, indicating that phleomycin interferes with cellular functions necessary for virus replication. When phleomycin was added to cells at different times after infection with single-or double-stranded RNA, the highest inactivation of infective centers was observed immediately after infection. With time of incubation at 37 C, the infective centers became more resistant to the action of phleomycin.
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Recently Hecht and Summers (5) reported that phleomycin interferes with the replication of poliovirus ribonucleic acid (RNA). Phleomycin added 30 min after infection of cells with poliovirus type 1 inhibits virus-directed incorporation of radioactive uridine to 100% at a concentration of 100 ,ug/ml and to 90% at a concentration of 67 ,g/ml. The authors suggested that phleomycin might act by binding to poliovirus RNA early in the infectious cycle or by preventing the synthesis of virus-specific protein(s) necessary for virus replication. The present report summarizes results on the differential effect of phleomycin: (i) on the infectivity of poliovirus-induced single-, double-, and multistranded RNA; (ii) on infective centers obtained by infection with poliovirus RNA or with poliovirus; and (iii) on the cell capacity for virus production after interaction with RNA or virus.
MATERIALS AND METHODS
Propagation of cells and virus. Suspension cultures of HeLa S3 cells were grown in Eagle's medium supplemented with 5% horse or fetal calf serum at a concentration of 2 X 10 to 7 X 106 cells/ml. For growth of Mahoney strain type 1 poliovirus, cells were washed with serum-free medium, concentrated, and resuspended in serum-free medium at a concentration of 107 cells/ml. They were infected with 5 to 10 plaque-forming units (PFU) of partially purified poliovirus and incubated at 37 C in the presence of 2 ,g of actinomycin D per ml. The pH was readjusted periodically with 1 M tris(hydroxymethyl)aminomethane (Tris) to 7.4. Six hours after infection the cells were sedimented and resuspended at 5 X 107 in RSB (0.01 M Tris-hydrochloride, pH 7.4; 0.01 M NaCl; 0.0015 M MgCl2 ) and frozen.
After thawing and warming to 20 C, the cells were lysed by the addition of sucrose and Triton N101 to a final concentration of 0.6 M sucrose and 0.3% Triton and kept at room temperature for 15 min. Cell debris and nuclei were sedimented for 10 min at 10,000 rev/ min in a Sorvall SS34 rotor. Sodium dodecyl sulfate was added to the supernatant fluid to a final concentration of 0.25%, and the virus was sedimented at 30,000 rev/min. The virus from the pellet was further purified by equilibrium density gradient centrifugation in CsCl and by subsequent dialysis (4, 13) .
Single-stranded poliovirus RNA was obtained from purified virus by phenol extraction (8) . Poliovirusinduced double-stranded RNA (RF-RNA) and multistranded RNA (RI-RNA) were prepared from virusinfected cells 4 hr after infection by phenol extraction at room temperature (1), differential precipitation with 1 M LiCl, and agarose gel filtration (10) .
Titration of infectious RNA. Titers of infectious RNA species and virus were determined with an agarcell suspension-plaque assay (9) . Concentrated cells at 6 X 106 were mixed 1 :1 with a solution containing 20% dimethylsulfoxide (DMSO) and 320 jug of diethylaminoethyl (DEAE) dextran per ml in Eagle's medium without serum and without Ca2+ and incu-28 PHLEOMYCIN AND POLIOVIRUS RNA bated at 37 C for 1 min (G. Koch, in preparation) . Portions (0.2 ml) of these cells (experimental cells) were added to tubes containing 10-duliter samples of RNA (with or without prior incubation with phleomycin) or virus and further incubated at 37 C for 15 min or longer. Unless otherwise stated, the RNA was diluted in TM buffer (0.01 M Tris-hydrochloride, pH 7.4; 0.5 mm MgCl2), and the virus was diluted in Eagle's medium without serum. In several experiments, phleomycin was added at different times after cell-RNA or cell-virus interaction, to a final concentration of 10 to 100 ,4g/ml. A 1.5-ml amount of indicator cells at 6 X 106/ml was added to each tube; the contents were mixed with agar and plated as described previously (9) . Plaques were counted after 2 Single-stranded poliovirus RNA, poliovirusinduced RF-RNA and RI-RNA, and intact poliovirus were exposed to different concentrations of phleomycin for 5 min at room temperature and subsequently assayed for infectivity by the agar-cell suspension-plaque technique. The experimental results are summarized in Fig. 1 .
The infectivity of poliovirus was not affected by exposure to phleomycin in concentrations from 1 to 100 jig/ml. In contrast, the infectivity of single-stranded RNA was inactivated to 93% by 0.5 jig/ml, to 99% by 2 The reaction between phleomycin and RNA was not significantly affected by the time and temperature of the incubation and was not dependent on the salt composition during the incubation (Table 1) . A preincubation of phleomycin at 37 C for 10 min did not alter its RNAinactivating ability. The absence of a time and temperature effect on the interaction with RNA is, therefore, not due to an instability of the antibiotic. The interaction of viral RNA with polycations was augmented by DMSO in concentrations of 2 to 20%. DMSO (329) 17 (409) 19 (367) 16 (309) 19 (378) With phleomycin for 7 min at 37 C 11 (264) 12 (305) 13 (329) 13 (252) 14 (254) 13 (249) a Viral RNA and phleomycin were diluted and mixed in TM buffer in Eagle's medium with and without DMSO and in 0.2 M Tris buffer containing 10-3 M EDTA with different concentrations of DMSO. The final concentration of RNA was 0.06 jug/ml and that of phleomycin was 0.4,g/ml.
The mixtures were either kept at 0 C and 10-Muliter samples were withdrawn and immediately assayed for infectivity, or the RNA-phleomycin mixtures were incubated for 7 Table 2 . The degree of inactivation was of the same order whether 0.1, 1, or 10 ,g of RNA/ml was exposed to as much as 4 Mg of phleomycin/ml, provided the RNA assay was carried out immediately (Table 2) . A 100-fold variation in the concentration of RNA did not change the degree of inactivation. Cellular RNA at a concentration as high as 20 ,ug/ml did not interfere with the inactivation of poliovirus RNA by phleomycin. However, a different degree of RNA inactivation by phleomycin was obtained by the following procedure. The interaction between RNA and phleomycin was stopped by a 1:10 or 1:100 dilution; the RNA was not immediately transferred to HeLa cells but kept in the diluted state for 5 min at room temperature ( Table 2 ). The partial restoration of the biological activity from 0.6 or 1% to 6% at a 1:10 dilution or 18 to 22% at a 1:100 dilution indicates a loose and reversible bonding of the antibiotic to RNA.
Phleomycin-mediated inactivation of infective centers induced by poliovirus and poliovirusspecific RNA species. Hecht and Summers (5) suggested that phleomycin might act inside of the cell by binding to the RNA of the virus. As soon as the RNA from infecting virus is uncoated, it should become sensitive to the action of phleomycin. To confirm this finding with our test system, phleomycin was added to HeLa aRNA in TM buffer at concentrations ranging from 0.1 to 10 jug/ml was incubated for 10 min at room temperature with 0.1 to 4.0 ;&g of phleomycin per ml. Samples (20 Miters) of the reaction mixture and of 1:10 dilutions were added to 0.2 ml of HeLa cells, and the yield of infective centers was determined. In addition, samples of the reaction mixture were withdrawn, diluted 1:10 and 1:100, kept at room temperature for 5 min, and assayed for biological activity.
b Values represent yield of infective centers as per cent of control. Fig. 2 and 3 by single-and double-stranded RNA (Tables  3 and 4) .
The yield of infective centers obtained by singlestranded RNA after a preexposure of the cells to 20 Mg of phleomycin for 30 min at 37 C is only 5% of the control. A prolongation of exposure to 60 min did not lead to further inhibition of infection. The inhibition was of the same order as that obtained by adding phleomycin to infectious centers 1 (Table 4) . This is the same order of reduction in the cell competence as seen in the experiment with single-stranded RNA. However, a subsequent incubation of cells in the absence of phleomycin did not restore significantly the competence for infection with RF-RNA.
Preincubation of HeLa cells with 50 ;kg of phleomycin per ml for 30 to 40 min before infection with intact virus resulted in a 45 to 60% lower yield of PFU than in the control with cells incubated for the same time in the absence of phleomycin. This would indicate that phleomycin interferes with cellular functions which are needed for virus growth. Hecht and Summers (5) reported that phleomycin in concentrations as high as 100 ,ug/ml gave less than 20% inhibition of HeLa DNA, RNA, or protein synthesis. The mode of action of phleomycin on the cell capacity for poliovirus growth remains to be elucidated. DISCUSSION The results reported here confirm and extend the findings of Hecht and Summers (5) on the inhibition of poliovirus replication by phleomy- Fig. 1) . A comparable inactivation of RF-RNA requires 10 timesmore phleomycin. Of special interest is the finding that RI-RNA behaves in this respect more like RF-RNA than like single-stranded RNA. It is suggested that phleomycin binds preferentially to the 3' end of the viral RNA which is protected by hydrogen bonding to the minus strand in RFas well as in RI-RNA. Poliovirus RNA is inactivated by venom phosphodiesterase and by Escherichia coli ribonuclease II (G. Koch, unpublished data). The latter enzyme attacks only singlestranded RNA (M. Singer, personal communication). This indicates that the 3' end of poliovirus. RNA is not protected by intramolecular hydrogen. bonds. Provided that phleomycin inactivates. single-stranded RNA by binding to the 3' end,.
the independence of phleomycin viral RNA interaction on the presence. of salt or DMSO is well explained.
Infective centers initiated by virus and singleand double-stranded viral RNA show different sensitivities for the inactivation by phleomycin. Again, cells infected by intact virus appear to be most resistant to the antibiotic. Between 20 and 40 min postinfection, about 40% of the virusinduced infective centers are inactivated even by 1 min of exposure to 25 jig of phleomycin per ml.
Thus far we know little about the mechanism of the uncoating of poliovirus RNA. Furthermore, the necessary time interval between uncoating and messenger RNA action is unknown; the viral RNA might bind instantaneously, after uncoating, with ribosomes. It might be assumed, therefore, that the viral RNA is protected against phleomycin first inside the viral protein envelope and soon after uncoating by binding to ribosomes. Further studies with phleomycin might yield information on these early events in virus replication. Immediately after penetration of viral RNA into cells, the infective centers appear as sensitive as free RNA (Fig. 2) . They become more resistant to the action of phleomycin with time after infection. Infective centers induced by RF-RNA are almost as sensitive to phleomycin as those obtained by single-stranded RNA (Fig.  3) . This is not surprising since we have observed that RF-RNA is partially converted into a singlestranded form after infection of HeLa cells (K. Wiegers and G. Koch, Abstr., 6th FEBS Mtg., Madrid, 1969) . The different sensitivity to phleomycin of single-stranded RNA and doublestranded RNA is lost after infection. Beginning at 15 min postinfection, infective centers induced by single-and double-stranded RNA show a nearly identical low sensitivity for inactivation by phleomycin which decreases further with time of incubation.
The rapid gain in resistance of RNA-inducedc infective centers against phleomycin may indicate that early functions) of the infecting RNA is completed. The increase in phleomycin resistance might work as a tool for further studies on the early events following the penetration of viral RNA into cells. ACKNOWLEDGMENT I thank Gisela G. Vetter for capable and skillful technical assistance.
